We calculate the next-to-leading order(NLO) QCD corrections to the W H 0 production in association with a jet at hadron colliders. We study the impacts of the complete NLO QCD radiative corrections to the integrated cross sections, the scale dependence of the cross sections, and the differential cross sections ( dσ d cos θ , dσ dp T ) of the final W -, Higgs boson and jet. We find that the corrections significantly modify the physical observables, and reduce the scale uncertainty of the leading-order cross section. Our results show that by applying the inclusive scheme with p cut T,j = 20 GeV and taking m H = 120 GeV , µ = µ 0 ≡ 1 2 (m W + m H ), the K-factor is 1.15 for the process pp → W ± H 0 j + X at the Tevatron, while the K-factors for the processes pp → W − H 0 j + X and pp → W + H 0 j + X at the LHC are 1.12 and 1.08 respectively. We conclude that to understand the hadronic associated W H
Introduction
In the standard model (SM) the Higgs mechanism explains the mass generation, and is believed to be responsible for the breaking of the electroweak (EW) symmetry [1, 2] . To discover the Higgs boson and investigate thoroughly the mechanism of EW symmetry breaking are the main physics motivations for the future high energy colliders. At the Fermilab Tevatron, Higgs boson production associated with the W or Z 0 boson, is the most important discovery channel for the SM Higgs boson with light mass(m H < 135 GeV ) [3, 4] . At the CERN LHC there are a few Higgs boson production mechanisms which lead to an observable cross section. Each of them makes use of the preference of couplings of the SM Higgs and massive gauge bosons or top quarks [5] . Recently, J.M. Butterworth, et al. concluded that the subset techniques at the LHC have the potential to transform the high-p T W H 0 , Z 0 H 0 (H 0 → bb) channel into one of the best channels in finding a low mass SM Higgs and obtaining the unique information on the coupling of the Higgs boson separately to W and Z 0 bosons [6] .
At the TeV energy scale hadron colliders, the experimental environment is extremely complicated. The produced signal and background reactions normally involve multiparticles in the final state. A good understanding of these reactions is very necessary for studying the hadronic collider physics. It requires sufficiently precise predictions for the new physics signals and their backgrounds with multiple final particles which cannot entirely be separated in experimental data. Therefore, high-order predictions for these reactions are very useful. In fact, when we measure experimentally the inclusive W H 0 production signal, it includes any number of additional jets unless stated otherwise. In this sense the W H 0 +jet production is part of the inclusive W H 0 production, and theoretically W H 0 +jet at the next-to-leading order(NLO) QCD is part of the W H 0 production process at the NNLO QCD. Recently, the calculations of the QCD O(α s ) and electroweak O(α ew ) corrections to the Higgs production processes pp/pp → W H 0 /Z 0 H 0 + X at the Tevatron and the LHC were presented in Refs. [7, ?] , respectively. The NNLO QCD corrections to the SM Higgs boson production processes in association with the vector boson at hadron colliders have been calculated in Ref. [9] .
In this work we present precise calculations for the process pp/pp → W H 0 j + X up to the QCD NLO at the Tevatron and the LHC. The paper is organized as follows: We describe the technical details of the related leading-order(LO) and NLO QCD calculations in Secs. 2 and 3, respectively. In Sec.4 we give some numerical results and discussions about the NLO QCD corrections. Finally a short summary is given.
LO cross sections
At the partonic level the cross section for the W + H 0 j production process in the SM should be the same as for the W − H 0 j production process due to the CP-conservation. We present the LO calculations for the related partonic W − H 0 j production processes in this section. We calculate the pp/pp → W ± H 0 j + X processes by neglecting u-, d-, c-, s-, b-quark mass(m u = m d = m c = m s = m b = 0), and the quark mixing between the third generation and other two generations(i.e., V ub = V cb = V td = V ts = 0). In our LO calculation we do not consider the partonic processes with an incoming (anti)bottom-quark due to the heavy (anti)bottom-quark suppression in parton distribution functions (PDFs) in the proton and antiproton. Then the following partonic processes are involved in our LO calculations.
where q = u, c; q 
The generic LO Feynman diagrams for the partonic processesqq Figures 1 (a) and (b) are the LO diagrams for the partonic process4) where the summation is taken over the spins and colors of final states, and the bar over the summation recalls averaging over the spin and color degrees of freedom of initial partons. dΩ kl 3
is the three-body phase-space element for the kl → W − H 0 j channel expressed as
LO is the amplitude of the tree-level diagrams for anyone of the partonic processes (2.1)- (2.3) .ŝ is the partonic center-of-mass energy squared. It is obvious that the LO cross sectionσ kl LO is IR divergent when we integrate the Feynman amplitude squared |M kl LO | 2 over the full three-body final state phase-space. The divergence arises from the integration over the phase-space region where the final gluon is soft or the final gluon/light-quark jet becomes collinear to one of the initial partons. To avoid these IR singularities and obtain an IR-safe result, we should take a transverse momentum cut for final jet.
The LO total cross sections for pp(pp) → W − H 0 j + X can be expressed as
There µ f is the factorization energy scale; x A and x B describe the fractions of partons k and l in hadrons (proton or antiproton) A and B respectively, with the definitions of
where P A and P B are the four-momenta of the incoming hadrons A and B. level Feynman diagrams and corresponding amplitudes are generated by using the FeynArts3.4
package [11] . The amplitudes which involve UV and IR singularities, are further analytically simplified by the modified FormCalc programs [12] . The final amplitudes are translated into Fortran codes with the UV and IR "ǫ× N-point integral" terms remained unprocessed. The output amplitudes are further numerically evaluated by using our developed Fortran subroutines for calculating N-point integrals and extracting the remaining finite ǫ 1 ǫ terms. In these Fortran codes the IR singularities are separated from the IR-finite remainder by adopting the expressions for the IR singularity in N-point integrals(N ≥ 3) in terms of 3-point integrals [13] .
The whole reduction of tensor integrals to the lower-rank tensors and further to the scalar integral is done with the help of the LoopTools library [12, 14] , and the FF package [15] . The dimensionally regularized soft or collinear singular 3-and 4-point integrals had to be added to this library. The virtual corrections to the partonic processes kl → W − H 0 j can be expressed There exist both ultraviolet(UV) and soft/collinear infrared(IR) singularities in the loop corrections to the partonic process kl → W − H 0 j, but the total NLO QCD amplitude of the subprocess is UV finite after performing the renormalization procedure. Nevertheless, it still contains soft/collinear IR singularities. The soft/collinear IR singularities can be cancelled by adding the contributions of the real gluon/light-(anti)quark emission partonic processes, and redefining the parton distribution functions at the NLO.
3..2 Real gluon and light-(anti)quark emission corrections
The real gluon and light-(anti)quark emission partonic processes are obtained from the matrix
′′q′′ by all possible crossings of (anti)quarks(q, q ′ and q ′′ ) and gluons into the initial state. The relevant real correction partonic processes can be grouped as: (1) 
Since the (anti)bottom PDF in the (anti)proton is heavily suppressed with respect to the other light quarks, we neglect the real emission partonic processes which involve the (anti)bottom quark in initial states. The real gluon/light-(anti)quark emission partonic channels (1)- (10) at tree-level give the origins of soft and collinear IR singularities.
After the summation of the virtual corrections with all the real parton emission corrections, the numerical result is soft IR-safe, while there still exists remained collinear divergence. But it will be totally IR safe when we include the contributions from the collinear counterterms of the PDFs.
The IR singularities of the real parton emission subprocesses can be isolated by adopting the two cutoff phase-space slicing (TCPSS) method [16] . We take theq(
as an example and show how to deal with the calculation of the real emission process. This partonic process contains eight LO Feynman diagrams which are depicted in Fig.2 . We can find from Fig.2 that the tree-level real emission subprocessqg → W − H 0q′ g involves both the soft and collinear singularities due to the gluon/antiquark(q,q ′ ) splitting in this initial or final state. The IR singularities in the partonic process are isolated by applying the TCPSS method. An arbitrary small soft cutoff δ s is introduced to separate the 2 → 4 phase-space into two regions, E 6 ≤ δ s √ŝ /2(soft gluon region) and E 6 > δ s √ŝ /2 (hard gluon region). Another cutoff δ c is used to decompose the hard region into a hard collinear(HC) region and hard noncollinear (HC) region to isolate the remaining collinear singularity from the soft IR-safe hard region. The criterion for separating the HC region is described as below: The region for real gluon/light-quark emission withŝ 16 
The tree-level Feynman diagrams for the real emission processqg
is called the HC region. Otherwise it is called the HC region. Then the cross section for the real emission partonic processqg → W − H 0q′ g can be written aŝ
3..3 NLO corrected cross sections
The full NLO QCD corrected hadronic cross section for the W − H 0 j production at hadron colliders can be written as:
where the notations of µ f , x A , x B are the same as those in Eq.(2.6), but we adopt the CTEQ6m
PDFs [10] for G i/A (x A , x B , µ f ) and G j/B (x A , x B , µ f ) in the NLO calculations. The total NLO QCD corrected cross section for the partonic process kl → W − H 0 j can be expressed aŝ
For simplicity, we define the factorization and renormalization scales being equal, i.e., µ f = µ r = µ. At the Tevatron the incoming colliding particles are proton and antiproton; the cross sections for both the pp → W − H 0 j + X and pp → W + H 0 j + X processes should be the same.
In the following we provide only the results for the former process. On the contrary, we give the LHC results for the pp → W − H 0 j + X and pp → W + H 0 j + X processes separately because of its proton-proton colliding mode.
Numerical results and discussion
In our numerical calculations we take one-loop and two-loop running α s in the LO and NLO calculations, respectively [17] . The QCD parameters are taken as Λ
MeV , N f = 5. We take the renormalization and factorization scales to be a common value
GeV by default. The colliding energies in the proton-(anti)proton center-of-mass system are taken as √ s = 14 T eV for the LHC and √ s = 1.96 T eV for the Tevatron Run II. We set the values of the CKM matrix elements as
The cosine of the weak mixing angle squared is set to its on-shell value obtained by c [17] .
In the LO and NLO calculations we adopt the massless five-flavor scheme and put the restriction of p j T > p cut T,j on the jet transverse momentum for one-jet events. For the two-jet events (originating from the real corrections), we apply the jet algorithm of Ref. [18] in the definition of the tagged hard jet with R = 1. That means when two jets in the final state satisfy the constraint of ∆η 2 + ∆φ 2 < R ≡ 1(where ∆η and ∆φ are the differences of rapidity and azimuthal angle between the two jets), we merge them into one new "jet" and consider it as an one-jet event. In handling the one-and two-jet events we use the so called "inclusive" scheme in default of other statement. In this scheme we demand p Fig.3(a) is presented in Fig.3(b) together with calculation errors. The figures demonstrate that the total NLO QCD correction does not depend on the arbitrarily chosen value of the cutoff δ s (δ c ) within statistic errors. Figure 3(a) shows that although the three-body correction(∆σ (3) ) and four-body correction(∆σ (4) ) are strongly related with the cutoff δ s (δ c ), the final total NLO QCD correction ∆σ N LO which is the summation of the three-body term and four-body term, i.e., ∆σ N LO = ∆σ (3) + ∆σ (4) , is independent of the two cutoffs within the statistic errors. The independence of the full NLO QCD corrections to the pp → W − H 0 j + X process on the cutoffs δ s and δ c provides an indirect check for the correctness of the calculations. In further numerical calculations, we fix δ s = 5 × 10 −4 and δ c = δ s /50. Figure 4(a) shows that when the curve transits from LO to the NLO, the scale uncertainty (defined in the range of 0.5µ 0 < µ < 2µ 0 ) is reduced by the NLO QCD corrections from 44.6%(LO) to 11.9%(NLO) at the Tevatron. Figures 4(b,c) show that the scale uncertainties(defined in the range of 0.5µ 0 < µ < 2µ 0 ) at the LHC are reduced is about 23.5%(23.3%), and is reduced to about 10.1%(9.91%) by the NLO QCD corrections.
Alternatively when a veto against the emission of a second hard jet is applied (i.e., by adopting the exclusive scheme), the LHC scale uncertainty(defined in the range 0.5µ 0 < µ < 2µ 0 ) of the pp → W − H 0 j + X process(the pp → W + H 0 j + X process) is improved by the NLO QCD correction to the value of 2.06%(3.53%). It shows that the reduction of the scale uncertainty by the exclusive LHC NLO correction is larger than the inclusive NLO correction. From
Figs.5(a,b) we can see that by taking p cut T,j = 50 GeV , the exclusive LHC NLO cross section for the pp → W − H 0 j + X process(or the pp → W + H 0 j + X process) decreases in the low scale region as shown by the curves labeled with "NLO(II)". Therefore, we can conclude that the curve feature of the LHC NLO QCD corrected cross section for the pp → W − H 0 j + X or the pp → W + H 0 j + X process versus scale µ is correlated to the p cut T,j value and the jet event selection scheme.
In Table 1 
20 GeV , and taking m H = 120 GeV , the energy scale µ = 0.5µ 0 , µ 0 , 2µ 0 , µ 1 and µ 2 separately, where µ 1 and µ 2 are phase-space dependent scales defined as Table 2 , we list some of the numerical results of the LO and the QCD corrected cross sections and the corresponding K-factors(K ≡ σ NLO σ LO ) for the pp → W − H 0 j + X process at the Tevatron and the pp → W ± H 0 j + X processes at the LHC, where we apply the inclusive scheme with p cut T,j = 20 GeV , and take µ = µ 0 , the values of Higgs-boson mass as 120 GeV , 150 GeV and 180 GeV , separately. Table 2 shows both the LO and NLO QCD corrected cross sections and K-factors are all sensitive to the Higgs mass. Among them the K-factor for the pp → W + H 0 j + X process at the LHC is less sensitive to the Higgs boson mass than others.
We also find the LO and the NLO QCD corrected cross sections decrease rapidly with the increment of m H at both hadronic colliders.
In Figs.6(a,b,c) we depict the LO and NLO QCD corrected differential cross sections of the transverse momenta for the final produced H 0 -, W − -boson and leading jet in the process ) with µ = µ 0 , m H = 120 GeV , 150 GeV and 180 GeV , for the pp → W − H 0 j + X process at the Tevatron and the pp → W ± H 0 j + X processes at the LHC by applying the inclusive scheme with p dσ NLO dp T / dσ LO dp T ) for the process pp → W − H 0 j + X at the Tevatron with m H = 120 GeV 
(II) Figure 7 : The LO and NLO QCD corrected distributions of the transverse momenta of final particles and corresponding K-factors (K(p T ) ≡ dσ NLO dp T / dσ LO dp T ) for the process pp → W − H 0 j + X at the LHC with m H = 120 GeV dσ NLO dp T / dσ LO dp T ) for the process pp → W + H 0 j + X at the LHC with m H = 120 GeV 
Summary
In this paper we calculate the full NLO QCD corrections to the W ± H 0 production associated with a jet at the Tevatron Run II and the LHC. We investigate the dependence of the integrated cross sections on the energy scale, and study the NLO QCD contributions to the differential cross sections of the transverse momenta( dσ dp T ) and the production angle distributions( respectively. We conclude that in studying the hadronic W H 0 production channel the NLO QCD corrections to the W H 0 j production process which is part of inclusive W H 0 production, should be taken into account.
